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Abstract 
The structural organization of poly(vinil alcohol) (PVA) hydrogels obtained by repeatedly freeze/thaw and              
J-irradiation processes of 15% w/w PVA solution in D2O has been revealed by small-angle neutron scattering 
(SANS) technique. The opaque sample is due two separated phases which composed by polymer-rich and polymer-
poor regions occurred from freezing/thawing samples, while transparent sample formed from irradiated PVA 
hydrogels sample. It has been pointed out from SANS experimental data that the cross-linking in the gels formed by 
freezing/thawing process are crystallites as the scattering intensity I(Q) decreases with the momentum transfer Q 
according to the -4th power law (Porod’s law) in the high Q-range region. From SANS data analysis, the radius of the 
crystallite size is about 28 - 33 Å and its distributed inhomogeneously with the average distance of 150 - 175 Å in the 
polymer-rich phase that consisted by crystalline PVA aggregates and swollen amorphous PVA. In opposite, the 
irradiated PVA hydrogels with the irradiation dose of 40 kGy did not show a -4th power law scattering due to in 
absence of crystalline and amorphous PVA phases in the polymer-rich region. 
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1.  Introduction 
Polymer gel has a three-dimensional networking structure of physical and/or chemical cross-linked of 
long chain molecules. Physical cross-linked formed by crystallization or phase separation, while chemical 
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cross-linked formed by copolymerizing monomer and cross-linker or irradiation. Polymer gel is swollen 
in water (hydrogels), in oil (lipogels), or in air (aerogels). Because of their high retention capacity of 
water, oil and air, polymer gels have been utilized as super-absorbent, oil-recovery materials and 
mechanical absorbers, etc. [1-2] One of the most interesting polymer gels is poly(vinil alcohol) (PVA) 
which can form gels in various kind of solvents as well as water. As biocompatible polymer, PVA 
hydrogel is ordinarily suitable on widespread biomedical and pharmaceutical applications, such as drug 
carrier, artificial tissue, contact lens, etc. [3-5] Along with the development of its applications, structural 
studies of polymer hydrogels are definitely necessary to be studied for having a better understanding of its 
properties for further applications. Nevertheless, the macroscopic characterization normally is not enough 
to give sufficient information of the characteristics of the polymer, particularly in nano- and microscopic 
levels structure. This difficulty is due to the limitation of characterization techniques on investigating the 
polymer hydrogels structure in nano- and microscopic scale levels. 
Scattering techniques have been utilized in order to investigate the nano- and microscopic structure of 
polymer gels. Kanaya, et al. [6-7] reported that the cross-linking or junction points in the polymer gels are 
crystallites by using small- and wide angle neutron scattering. Those crystallites size and distribution in 
the polymer-rich phases affected the physical properties of polymer gels. Formation of a porous network 
in which polymer crystallites act as junction points prepared through a freeze/thaw gelation process 
results was investigated using X-ray and neutron scattering techniques [8-9]. The gels have a complex 
hierarchical structure which extends over a very wide spatial scale. The organization on the large length 
scale originates from the presence of two separated phases constituted by polymer-rich and polymer-poor 
regions. The organization on the medium length scale is provided by the presence of small crystallites, 
fringed micelle-like, within the polymer-rich phase. In this region, the crystals are highly connected by tie 
chains. The structural organization at short range is described by the relative arrangement of chains in the 
fringed micelle-like crystals and by the interactions between close neighboring chain segments in the 
swollen amorphous region.  
In the present work, we investigated non-irradiated and irradiated PVA hydrogels samples, prepared at 
high polymer concentration with different numbers of freeze/thaw cycles, to obtain the structural 
organization in the range of a few tens of nanometers using small-angle neutron scattering (SANS), X-ray 
diffraction and electron microscopy techniques. The contributions of cross-linking points formed by the 
physical cross-linked crystallites and irradiation cross-linked chemical bonds with its physical properties 
are described in this paper as well. 
2.  Experiment 
2.1. Materials and hydrogels preparation 
Atactic PVA used for the analysis was purchased from Merck without further purification. The 
average molecular weight, Mw was about 72.000. Heavy water D2O was supplied from Merck with the 
purity of 99.8%, and molar mass of 20.03 g mol-1. Aqueous solution of 15% w/w PVA gels was prepared 
by dissolving the PVA polymer in water by using autoclave at 120 qC and 1 atm for 25 min. In order to 
remove the bubbles, the solution was gently shaken until homogenous and kept overnight at 60 qC. Then 
a certain weight of solution was placed at cell holders for further study. PVA hydrogels were obtained by 
freeze/thaw and freeze/thaw which followed by Ȗ-irradiation (freeze/thaw+irradiation) respectively. 
Freezing and thawing processes were repeated up to 2 and 5 times where each cycle of process was 
performed at -10 qC for 20 h then standing at room temperature for 4 h. The irradiation was applied at   
60 qC with the radiation dose of 40 kGy. Similar procedure was repeated using heavy water D2O as a 
solvent for neutron scattering experiment. 
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2.2. Characterization 
Gel fraction. The hydrogels prepared by various methods were dried at 60 qC for 48 h until a constant 
weight (Wd) was reached. Then the sol part was extracted by immersing the dried gels in distilled water 
for 24 h at room temperature. The extracted hydrogels were dried at 60 qC for 48 h to a constant weight 
(We). The gel fraction was defined as Gel (%) = (We/Wd) u 100. 
Swelling behavior. The dried hydrogels prepared by various methods was weight (Wd) then immersed in 
distilled water at room temperature (RT). The swollen samples were weighed at interval time (Ws) until 
an equilibrium state of swelling was achieved. Degree of swelling (DS) of gels was calculated as DS = 
(Ws-Wd)/Wd. 
Morphology observation. The morphology of the hydrogels after being freeze-thaw was observed by 
scanning electron microscopy (SEM, JEOL JSM 35C). Prior to examination, the samples were freeze 
dried and fractured in liquid nitrogen. The fractured surface of samples was coated with gold. 
X-ray diffraction measurement. X ray diffraction profiles were collected at room temperature, with a 
Shimadzu X-ray diffractometer 7000 using Ni – filtered Cu KĮ1 irradiation (Ȝ = 1.5406 Å) and scans at 
2.0 deg (2ș/min) in the range 5.0 – 50.0q. The samples were cooled naturally at room temperature to 
obtain a polymer film. 
Small-angle neutron scattering (SANS) measurement. Small-angle neutron scattering (SANS) 
measurement were performed at the neutron scattering laboratory in Serpong, Indonesia using a 36 m 
SANS spectrometer [10]. Samples were poured in 2 mm path length aluminum cell covered by another 
aluminum cell and then sealed in order to prevent the drying of gels. Measurement times ranged between 
1.5 and 6 h. Four sample-to-detector distances 1.5, 4, 10, and 18 m with the neutron wavelength of 4.9 Å 
covering the momentum transfer Q-range of collected the scattered neutron from samples between 0.003 
and 0.3 Å-1. The scattering intensities of the samples were corrected for background noise, scattering by 
the solvent background and aluminum cell and sample’s transmission using GRASP [11]. The corrected 
scattering intensity data at high Q-range were then normalized at the same level of incoherent 
background. Then they are combined with the data at low Q-range to cover the whole Q-range of 
experimental setup and then fitted using the SANS NIST data analysis program [12]. 
3.  Results and Discussion 
3.1.  Appearance of the hydrogels 
The appearance of the hydrogels obtained by freeze/thaw and freeze/thaw followed by irradiations are 
opaque. It has been reported that the opaque nature of gels prepared by pure freeze/thaw is attributed to 
the microphase separation, i.e.  polymer-rich and polymer-poor regions which occurs in the early stage of 
the gelation process [6-7]. The opaque samples were also found on samples which treated by freeze/thaw 
processes followed by irradiation. Transparent sample formed from irradiated PVA hydrogels sample 
which occurred due to irradiation cross-linked chemical bonds [10]. The appearance of the hydrogels 
prepared by various method were shown in Figure 1. 
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(a) (b) (c) 
Fig. 1. The appearance of hydrogel prepared by (a) freeze/thaw, (b) freeze/thaw followed by irradiation, (c) pure irradiation 
3.2. Gel fraction 
The gel fractions of PVA hydrogels prepared by freeze/thaw and freeze/thaw+irradiation are shown in 
Table 1. The gel fractions increase with the increasing of the number of freeze/thaw cycles as well as 
irradiation process. PVA hydrogels prepared by freeze/thaw is cross-linked physically with polymer 
crystallites acting as junction points [6-9]. While, freeze/thaw followed by radiation was once used to 
enhance the mechanical strength of the hydrogel due to the poor properties of the hydrogels which 
prepared by freeze/thaw process only [14]. The irradiation can induce chemical crosslinking which 
resulted on increasing the gel fraction as shown at high temperature, 80 qC. The gel fraction is still high at 
80 qC due to chemical crosslink still remain in the amorphous phase of PVA.  
Table 1. Characteristics of the polymer hydrogel samples 
Treatment Gel fraction (%) 
Gel fraction 
at 80 qC (%) 
Swelling ratio 
(g/g) 
Crystallinity 
– dry (%) 
2u Freeze/Thaw 77.48 2.56 3.5 16.99 
5u Freeze/Thaw 82.39 1.74 3.2 18.21 
2u Freeze/Thaw + irradiation 89.55 69.71 5.1 16.20 
5u Freeze/Thaw + irradiation 88.27 57.56 5.1 15.90 
3.3. Swelling behavior  
Swelling ratio of hydrogels can be affected by many factors such as the hydratability of the materials, 
the ionic strength and pH value of the media, the temperature of the environment as well as the crosslink 
density [14]. As shown in Table 1. the swelling ratio of the samples which treated with freeze/thaw 
followed by irradiation tends to be higher than that of pure freeze/thaw, while the swelling ratio was not 
affected by the number of freeze/thaw cycles. The possibility explanation of increasing the swelling ratio 
is the irradiation induced the degradation of crystalline phase resulted in increasing of amorphous fringed 
micelle-like phase. Then, the swelling ratio of irradiated sample is slightly higher than the non-irradiated 
ones. This result is also verified with the measurements performed with other methods.  
3.4. Morphology observation 
The morphology of freeze-dried PVA hydrogel samples was obtained up to 5000u of magnification. 
Porous structure occurred (the photos are not shown) after 5u freeze/thaw cycles that indicates the 
polymer-poor and polymer-rich regions were present in the hydrogel samples.  
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3.5. X-ray diffraction measurements 
Figure 2 shows the X-ray diffraction profiles of dried PVA hydrogel samples, non- and irradiated 
samples after subtraction of the background contributions. A sharp crystalline reflection at the momentum 
transfer Q a1.4 Å-1 which is equal with the diffraction angle of 2T a20q corresponds to the overlapping 
Bragg diffractions from (101) and (101) planes of atactic PVA crystals. The crystal formed by trans-
planar chain conformation, packed in a monoclinic unit cell with a = 7.81 Å, b = 2.52 Å (chain axis), c = 
5.51 Å and E = 91.42q[13]. 
(a) (b) 
Fig. 2. X-ray diffraction profiles of PVA hydrogel samples obtained by slowly drying at different preparation and irradiation 
processes (indicated at pictures). The sharp crystalline 101 reflections at Q a 1.4 Å-1 appeared at all samples.  
Due to difficulties for obtaining directly the diffraction data on hydrogel samples, the degree of 
crystallinity was determined from the dried samples. The analysis of X-ray diffraction data on dried 
samples confirmed that the degree of crystallinity of 15% w/w PVA hydrogles is depending on the 
number of freeze/thaw cycles, Table 1 and Figure 2a and other treatments, i.e. irradiation process. It can 
be described that the some crystallites changed by irradiation, then reducing the fraction of crystallinity in 
the sample, Figure 2b.  
3.6. Small-angle neutron scattering (SANS) data analysis 
A wide-angle diffraction method has a limitation in extending structural analysis of PVA hydrogels in 
nano- and microscopic scale level, Figure 2. For that reason, the analysis can be only attained by 
extending the Q range into a smaller Q using small-angle scattering or diffraction method. The small-
angle scattering of neutron (SANS) intensities of non- and irradiated PVA hydrogels are shown in Figure 
3. The samples were firstly corrected with solvent scattering, sample transmission and electronic 
background for obtaining the corrected scattering intensity I(Q) as a function of Q. Those SANS 
scattering intensities can be classified generally into three regions I - III, the Q-range of which are Q  
0.01 Å-1, 0.01  Q  0.05 Å-1 and 0.05   Q  0.1 Å-1, respectively to consider the structures at different 
scale levels. 
The scattering intensities I(Q) at the Q-range of 0.05  Q  0.1 Å-1 which is a boundary structures 
between two phases, the crystallites and the swollen amorphous region in the polymer-rich phase 
decrease with a power of law, where the number of Ds depending on the number of cycles. The exponent 
Ds, I(Q) a Q-Ds is related to the surface fractal dimension ds in a d-dimensional space, through Ds = 2d  
ds. The Q-4 Porod’s law attributed to a clear boundary of the crystallites and amorphous region and it 
appeared at 5u freeze/thaw PVA hydrogel samples. While for the 2u freeze/thaw PVA hydrogel samples 
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the value of Ds is 3.3, suggesting the boundary between crystals and amorphous phase is not very clear or 
rough surface of crystal is high. It denotes that the crystalline phases incompletely formed. On the other 
hand, J-radiation directly affected the surface of crystal of 5u freeze/thaw PVA hydrogel samples, 
reducing the crystallite size and the surface fractal structure, Ds a 3.7. 
(a) (b) 
Fig. 3. SANS data from PVA hydogels (a) at different number of freeze/thaw cycles (b) at different irradiation process on 5u 
freeze/thaw sample.  
In order to analyse the crystalline phase, the crystallites were assumed as polydisperse and 
homogenous spheres fitted with a theoretical spherical model calculation at a certain Q-range region, 0.05  
 Q  0.1 Å-1, using SANS NIST data analysis program, Figure 4. Other fitting parameters of PVA 
hydrogel samples are given in the Table 2. It is clearly shown from Table 2 that the crystallite size of 2u 
freeze/thaw sample is smaller than the 5u ones and the polydispersity of its size distribution (V) is also 
larger. These indicated that the number freeze/thaw cycles noticeably affected the size and its distribution 
of crystallites [8-9]. Similar results occurred as the size of crystallites reduced by irradiation at the same 
number of freeze/thaw cycles, Table 2.  
(a) (b) 
Fig. 4. A log normal distribution of spherical model calculation fitted on the SANS profiles of 5u freeze/thaw cycles PVA hydrogel 
samples (a) non-irradiated sample (b) irradiated sample at high Q-range region. 
In the intermediate Q-range region, 0.01  Q  0.05 Å-1, the scattering intensity is dominated by the 
intra- and inter-crystallite correlations because crystallite correlations are very strong compared with 
segment-segment correlation or noncrystallized polymer chain segments and concentration fluctuations. 
This means that SANS intensity exhibits the distribution of the crystallite, known as structure factor S(Q). 
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In addition, the scattering intensity I(Q) turns up in the range Q  0.01 Å-1 that indicates some 
inhomogeneity in a spatial scale (larger than 600 Å as da2S/0.01) of PVA hydrogels as the presence of 
two separated phases constituted by polymer-rich and polymer-poor regions. 
Table 2. Fitting parameters of SANS data from PVA hydrogel samples  
Fitting parameters 2u Freeze/Thaw 5u Freeze/Thaw 
5u Freeze/Thaw 
+ 
irradiation 
Radius (Å) at high Q 28.9 32.9 32.5 
Sigma (V) 0.4 0.30 0.29 
Power law Q-Dm (Dm) 1.3 a 1.0 1.05 
Power law Q-Ds (Ds) 3.3 3.9 3.7 
Q12  0.0075 (850 Å) 0.0075 (850 Å) 0.008 (800Å) 
Q23 0.036 (175Å) 0.043 (150Å) 0.043 (150Å) 
Nevertheless, with the intention for further analysis on SANS scattering intensities I(Q), the three 
regions that correlate with the structural arrangement at different scales will become clearer when it is 
plotted in a I(Q)Q2 against Q, Figure 5. The rising-up point corresponds to the boundary between region I 
and II (Q12) as indicated by downward arrow in Figure 5a. The value of the point of non-irradiated 
samples Fig. 5(a) remains at the same Q value, Q12 a 0.0075 Å-1. While for irradiated sample, Figure 5b 
slightly shifts to smaller Q, Q12 a 0.008 Å-1 suggesting that the structure due to phase separation develops 
in size. In addition, the turning-down point corresponds to the boundary between region II and III (Q23) as 
indicated by downward arrow clearly shifts from Q23 a 0.036 Å-1 to a 0.043 Å-1, indicating the average 
distance between the scattering crystallites becomes closer as the number of freeze/thaw cycles increased. 
This can be understood as the crystallites size becomes bigger, Table 2, with the remains size of polymer-
rich phase then the average distance between crystallites becomes smaller. While for irradiated samples, 
the crystallites remain with the similar size compared with the non-irradiated ones. However, the 
polymer-rich phase domain is slightly bigger due to increasing the cross-link density and the structural 
arrangement of crystallites also changed from the fractal dimension Q-Dm data at the intermediate Q-range, 
Table 2. All these structural analyses are in agreement with other physical characteristics in Table 1 that 
have been performed in this work.  
(a) (b) 
Fig. 5. The plot of I(Q)*Q2 against Q from PVA hydrogel samples showing the three regions that correspond with different 
structural arrangement scale levels. 
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4.  Conclusion 
SANS confirmed the structural arrangements from tens nanometers into hundreds nanometers that 
completing the X-ray diffraction and microscopy data. The radius of the crystallites size was obtained for 
about 28 – 33 Å and distributed with the average distances of 150 – 175 Å. Polymer-rich regions were 
observed with the size of domain more than 800 Å. The irradiation has slightly affected the structural 
arrangement of crystallites in the polymer-rich region and induced the physical properties of PVA 
polymer hydrogels.  
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